Expanding electronegative ͑EN͒ plasmas have been previously observed, experimentally, to generate wave activity. Using a particle-in-cell ͑PIC͒ code we have investigated these waves in expanding EN plasmas containing a double layer ͑DL͒ between an upstream source region and an expanded downstream region. Oxygen reaction rates were used but modified to correspond more closely to experimental conditions. Under a subset of pressures, for which a DL existed, waves were observed traveling upstream in the expanded region, and growing in amplitude in the direction of travel. Both slow and fast waves were observed. The fast wave existed only over part of the slow wave pressure range. The PIC results were compared to both fluid and kinetic theory, both of which assumed axial uniformity. The results of a somewhat simplified fluid theory, ignoring fast wave coupling and collisions with the background gas, gave a remarkable result: if the theory predicted a slow wave instability for any axial parameters in the downstream region, the instability was observed in the simulation. Conversely, if no instability was predicted at any axial position, no instability was observed. More accurate kinetic calculations, including electron and ion Landau damping, and also collisional damping against the background gas, gave wavelengths and growth rates that were consistent with the PIC simulations, and with the fluid results. The kinetic theory also indicated that the fast waves were always stable but became weakly damped for conditions of unstable slow waves. We postulate that nonlinear and nonuniformity effects excite the fast waves.
I. INTRODUCTION
For some conditions, expanding electronegative ͑EN͒ plasmas have been observed to generate wave activity. In a typical situation, an EN plasma is generated in an upstream source chamber and expands into a larger diameter processing chamber while a double layer ͑DL͒ forms between the two regions. The wave generation is not only of intrinsic physical interest, but may also be important in defining the properties of the downstream "process" chamber used in various applications. Although ion wave activity and DL's have also been observed in low pressure electropositive plasmas in expanding magnetic fields, the particular phenomenon we study is due to counterstreaming postive and negative ions traveling across a DL. Thus, we concentrate our study on ion waves in EN plasmas.
Downstream ocillations were observed in an inductive discharge operated with both oxygen and Ar/ SF 6 mixture feedstock gases at low pressure ͑ϳfew mTorr͒. 1 Subsequently, Tuszewski et al. 2 explored the phenomena in more detail and developed a theory for the waves 3 which attributed their generation to an ion acoustic instability caused by the counterstreaming flow of positive and negative ions.
Tuszewski and Gary 3 developed both fluid and kinetic models which determined the criterion for the onset of instability as well as the wave numbers and growth rates for the unstable conditions. Both the fluid and kinetic models assumed a one-dimensional ͑1D͒ plasma with uniform properties along the direction of the counterstreaming flows. The fluid model gave simple analytical estimates for the onset of instability. More detailed numerical calculations can be done in the kinetic model which take into account both the effects of the higher temperature electrons and the collisions with the background gas.
The plasma conditions of Tuszewski and co-workers' experiments indicated marginal instability and the observed growth rates were also consistent with their theory. However, as is often the case in experiments, some quantities needed to determine instability such as the relative streaming velocity could only be estimated rather than directly measured. Also, the properties of the slow waves, which are the unstable ones, could not be directly measured. Nevertheless, the evidence that the ion acoustic mechanism was responsible for the observations was reasonably convincing. The experiments and accompanying theory described above were in a device in which the counterstreaming ions were produced by an electric field, resulting from a decreasing electron density. However, whether or not a well-defined DL existed was not investigated.
There have been many recent studies of DLs that form at the transition between an upstream source and a larger downstream region in low pressure EN plasmas. [4] [5] [6] [7] [8] [9] [10] The downstream behavior can be quite complex with some gas mixtures and pressure ranges exhibiting stable DLs while others display a variety of time-dependent activity. 4, 5, 9 In Plihon's thesis 9 ͑see also, 4 taken from his thesis͒, there was considerable evidence of time-dependent phenomena in Ar/ SF 6 plasmas at SF 6 concentrations corresponding to certain transition points. At one transition point, a static DL first forms, and at another transition point, the static DL becomes a downstream traveling DL. Some of the observed phenomena were of non-linear waves traveling upstream but these waves were not analyzed in detail. The stable time-independent DL is well understood theoretically 7, 8 but the time-dependent phenomena are not. Static DLs with accompanying static spatial simulations have been investigated using 1D particle-in-cell ͑PIC͒ simulations. 11 Meige et al. 12 have performed time-dependent hybrid simulations using Boltzmann electrons and room temperature fluid ions in a long plasma cylinder of radius 10 cm and length 30 cm. The electrons were heated perpendicular to the plane of the two-dimensional ͑2D͒ simulation in the upstream ͑15 cm͒ section. At 1 mTorr, they observed upstream-traveling potential structures. They interpreted these potential structures as nonlinear waves resulting from a two-stream instability due to counterstreaming positive and negative ions, according to the collisionless fluid model of Tuszewski and Gary. 3 Because of the choice of equal mass, room temperature, positive and negative ions, their observed ion drifts were nearly equal and opposite and much larger than the thermal speeds. For these parameters, the theory predicts a highly unstable low frequency wave with a slow upstream wave speed of 100 m/s, which corresponded to the observed drift velocities of their potential structures. However, the relation of their simulations with the ion acoustic waves studied in this paper is unclear.
In a recent paper, 13 we used 2D PIC simulations to examine DLs in an expanding oxygen plasma and compared the results to the predictions of static DL theory. PIC simulations are self-consistent and provide information about internal plasma characteristics that are not easily measured experimentally. The two-region configuration used in the PIC simulations is shown in Fig. 1͑a͒ . It consists of an upstream region connected to a larger width downstream chamber. Besides relatively unimportant geometric factors, there is little difference between rectangular and cylindircal coordinates, so the simpler rectangular geometry is used. Figure 1͑b͒ shows a typical 2D time-averaged potential distribution for this configuration when a DL exists.
PIC simulations were performed at pressures from 0.5 to 48 mTorr with the DL disappearing abruptly below 1 mTorr and gradually becoming less distinct above 24 mTorr. From 2 to 12 mTorr, the PIC simulations showed that an unstable slow wave originates downstream at low amplitude and propagates with growing amplitude upstream into the DL. At pressures between 4.5 to 12 mTorr, the PIC simulations showed that a fast wave coexists with the unstable slow wave.
In Sec. II, we present 2D PIC simulation results which show waves traveling upstream and growing in amplitude until reaching the DL. In Sec. III, we summarize the fluid and kinetic theories and compare their predictions to the PIC simulation results. Conclusions and further discussion are given in Sec. IV.
II. PIC SIMULATIONS
We use a 2D3v rectangular PIC code PDP2 ͑Ref. 14͒ to simulate an oxygen discharge with an upstream source region that is narrower than a downstream process chamber. By "2D3v," we mean 2D displacement with three velocity components ͑3v͒. In our simulations, each computer particle represents a cluster of about 10 6 real particles ͑electron, O 2 + or O − ion͒. Collisions between the particles and the background gas are included in the simulations by using a Monte Carlo collision ͑MCC͒ algorithm. A detailed description of the PIC-MCC model ͑including oxygen reaction set used͒ is given in Ref. 15 . PIC simulations obtain the fields, as well as the particle fluxes and densities, self-consistently from first principles without making any assumptions about the particle temperatures or velocity distributions. The electrons are inductively heated in the first 4/5 of the upstream chamber length by applying an rf electric field E z = E z0 cos t perpendicular to the plane of the simulation. All the reactor walls are grounded and the rf field amplitude is adjusted to keep the number of electrons in the source region constant.
For stability and accuracy, 2D PIC simulations require a large number of particles per Debye length squared, and PIC codes run faster with smaller number of particles. Thus, the simulated discharges were chosen to have smaller dimensions and densities than those typically found in experiments. For most of the simulations, the PIC reactor had an upstream width and length of 3 cm and 10 cm, respectively, while its downstream width and length were both 10 cm. This size was about 1/3 of an experimental device studied previously. 6, 7 The average electron density in the source region ͑first 4/5 of the upstream chamber length͒ was maintained at approximately 2 ϫ 10 14 m −3 by heating the source region electrons with an rf field perpendicular to the plane of the simulation. Due to the smaller size and densities used in the PIC simulations, a revised oxygen set is used and the pressure is rescaled to keep the loss rates and ␣ ͑the ratio of negative ions to electrons͒ to be in the same range as the experiments 6, 7 in which stable DLs were found. The parameters for the analytical comparison are chosen to match those in the simulations.
The original oxygen attachment cross-section att ͑E͒ used in the PIC codes has a threshold energy E att = 4.2 V below which att ͑E͒ = 0. The attachment cross-section of the Ar/ SF 6 mixture used in the experiments did not have an energy threshold and was roughly five times larger than the PIC att ͑E͒. The PIC att ͑E͒ was revised to make it similar to experiment. Specifically, for energies E Ͼ E att , the revised attachment cross-section is att ‫ء‬ ͑E͒ =5 att ͑E͒ while for energies
In a global negative ion particle balance, ␣ 2 Ϸ͑K att n g ͒ / ͑K rec n e ͒, where K att and K rec are the attachment and recombination rate coefficients and n g and n e are the gas and electron densities. Thus, ␣ is related to the products K att n g and K rec n e . If the simulation has values of n g or n e that differ from the experimental values, then we can adjust the values of K att and K rec to keep these products and hence ␣ in the same range as the experiments. Since the PIC electron densities are much smaller than those of the experiment, the PIC recombination cross-section is enlarged to keep K rec n e and hence ␣ similar to the experimental values. Specifically, the original PIC recombination cross-section was enlarged by a factor of 20.
A. 6 mTorr base case results
Since the PIC reactor was about 1/3 the size of the experimental system, the pressure was tripled in the simulations to keep the product pd similar to the experiment. As a base case for detailed study, we choose a pressure of 6 mTorr which corresponds to a 2 mTorr experimental system that is three times larger than the PIC system. In the experiments, 6, 7 which used an Ar/ SF 6 mixture, a stable DL was observed with SF 6 percentages from 8% to 12% but without noticeable wave activity. At both lower and higher percentages of SF 6 , some wave activity was observed, but in a very low 1 KHz frequency range along with unstable DLs.
Some of the results of the base case 6 mTorr PIC simulation are shown in Fig. 2 . The time-averaged axial particle densities are shown in Fig. 2͑a͒ for the three species ͑elec-trons, O 2 + and O − ions͒ used in the PIC simulations. The time-averaged components of Poisson's equation on axis in the middle region of the device are shown in Fig. 2͑b͒ . The averages were taken over 118 s in Fig. 2͑b͒ . The long time average shows the underlying DL but averages over the wave effects. As required, / ⑀ 0 = ‫ץ‬E x / ‫ץ‬x + ‫ץ‬E y / ‫ץ‬y and the solid and dotted lines in Fig. 2͑b͒ coincide. Note that ‫ץ‬E y / ‫ץ‬y is nonzero and positive, leading to a nonsymmetric ͑more positive than negative͒ in the DL region. The excess positive charge is neutralized by transverse wall charges. Only the field in the axial x direction contributes to the formation of the DL. Note that ‫ץ‬E x / ‫ץ‬x shows the classical symmetric DL charge density configuration with a positive charge at the upstream edge, and an equal negative charge at the downstream edge.
Both the fluid and kinetic theory require knowledge of the ion drift and thermal speeds to determine stability. PIC results for the axial ion drift speeds u Ϯ = v xϮ and axial ion thermal speeds v Ϯ = ͑v x 2 − v x 2 ͒ Ϯ 1/2 for each ion species are shown in Figs. 3͑a͒ and 3͑b͒, respectively for the 6 mTorr base case. Both the fluid and kinetic models assume uniform axial distributions of drift and thermal speeds. Thus, theoretical results obtained from spatially varying distributions, or from spatial averages, will only be approximate. From Fig. 3 , we note the strong axial spatial variations in all quantities, peaking in the DL region where the axial electric fields are the strongest. We will discuss these aspects in more detail in Secs. III and IV.
B. Slow and fast waves
From 2 to 12 mTorr, the PIC simulations showed that an unstable slow wave originates downstream at low amplitude and propagates with growing amplitude upstream into the DL. The wave frequency was approximately 85 KHz with a wavelength of order 1 cm. The wave produced large fluctuations in the downstream charge density and electric field and small fluctuations in the voltage and position of the DL. The waves were not necessary for the existence of a DL since the DL existed over a larger pressure range of 1 to 24 mTorr.
At pressures between 4.5-12 mTorr, the PIC simulations show that both the unstable slow wave and a fast wave co- exist with the DL. The fast wave frequency is of order 1 MHz and corresponds roughly to the local negative ion plasma frequency. The wavelength is also of order 1 cm. This fast wave originates essentially together with the slow wave in the downstream region, and propagates upstream into the DL as it grows in amplitude. The growth of the envelopes of the amplitudes of the slow and fast waves are quite similar. The fast wave's stability is uncertain but it only exists together with the slow wave. In the 1D collisionless fluid model, discussed below in Sec. III, the fast wave is theoretically stable. Figure 4 shows the evolution of the slow wave in the DL region for the base case 6 mTorr oxygen discharge. Each plot in the figure shows the time-averaged charge density ͑x͒ on axis in the DL region at 2.36 s intervals. The plots clearly indicate a slow wave, traveling upstream and growing in amplitude from the center of the downstream region to the DL region. The overall charge distribution is considerably distorted from the dc DL charge distribution shown in Fig.  2͑b͒ . The recurrence period is about five frames, indicating a wave period of about =5ϫ 2.36 s = 11.8 s and a wave frequency f =1/ of about 85 KHz. Following the charge crests from frame to frame in Fig. 4 , the wave speed appears to be about v Ϸ 850 m / s. This indicates a wavelength of about = v / f = 1 cm. The e-folding distance of the growth is somewhat larger than a wavelength. These numbers are reasonably consistent with the theory as will be discussed in Sec. III. Figure 5 shows the time-averaged axial electric field E x ͑x͒ at 2.36 s intervals. As previously discussed ͓and shown in Fig. 2͑b͔͒ , E x ͑x͒ is nearly but not quite the integral of charge density due to transverse charge flow. We see that E x ͑x͒ is always positive on this time scale, indicating a continuously decreasing axial potential even on the short time scale of 2.36 s.
Since the fast waves are averaged over in the 2.36 s time averages, they cannot be observed in Figs. 4 and 5. The PIC result for E x ͑t͒ at x = 10 cm for the 6 mTorr base case is shown in Fig. 6͑a͒ . The corresponding Fourier spectrum E x ͑f͒ of the waveform is shown in Fig. 6͑b͒ . We observe both the slow wave frequency of 85 kHz ͑11.8 s period͒ and the fast wave frequency of 0.93 MHz ͑1.1 s period͒.
III. THEORY OF ION ACOUSTIC WAVES AND INSTABILITIES AND COMPARISON WITH PIC SIMULATIONS

A. The collisionless fluid model
We first summarize the fluid theory developed by Tuszewski and Gary with 1D perturbed quantities of the form exp͓−i͑t − kx͔͒, they obtained the following dispersion relation:
where u Ϯ and v Ϯ = ͑T Ϯ / m Ϯ ͒ 1/2 are the ion drift and thermal velocities, respectively, Ϯ are the positive and negative ionneutral collision frequencies and the velocities V Ϯ are defined in terms of the electronegativity value ␣ = n − / n e by
The dispersion relation ͑1͒ has four solutions for ͑k͒ that can be obtained numerically. Approximate analytical solutions exhibiting fast and slow waves can be obtained for electronegative discharges of interest ͑␣ Ͼ 1 and T e ӷ T Ϯ ͒ when V Ϯ ӷ v Ϯ , u Ϯ . In the following analysis, collisions, which are of minor significance at low pressures, are neglected.
Retaining the ͑ / k͒ 4 and ͑ / k͒ 2 terms in the dispersion relation ͑1͒, one obtains the phase velocities ϮV f of the two stable fast waves
Neglecting the ͑ / k͒ 4 terms in the dispersion relation ͑1͒, one obtains an equation for the phase velocities of the two slow waves with
where
The two solutions of the slow wave Eq. ͑4͒ are
shows that one of the slow waves is unstable if
At the border of instability, when the RHS and LHS of Eq. ͑7͒ are equal, the bracketed term in Eq. ͑6͒ goes to zero, yielding the single phase velocity
This wave travels in the direction of the faster streaming velocity. Figure 7 investigates the slow wave instability criterion from Eq. ͑7͒ for the 6 mTorr oxygen discharge around the DL region. The instability condition is satisfied wherever u + − u − ͑dashed curve͒ lies above the RHS of Eq. ͑7͒ ͑solid curve͒. The dotted curve u + + u − shows the difference in speeds of the counterstreaming ions and indicates the direction of travel of any generated wave. Since u + + u − Ͻ 0 everywhere in the plot, a generated wave will travel in the negative x or upstream direction. Note that u + − u − is greater than the RHS of Eq. ͑7͒ only near the DL region in the middle of the discharge. Elsewhere, it is somewhat smaller further downstream and significantly smaller further upstream. The result, as we have seen in Figs. 4-6 , is a growing wave originating downstream and traveling upstream that dissipates in the DL region. We will discuss this further in Sec. IV. As stated above, the pressure range in which we observed the upstream traveling slow waves in the PIC simulations is 2 to 12 mTorr. The Fourier spectrum E x ͑f͒ at these pressures all showed a low frequency peak corresponding to the slow wave, as seen for example in Fig. 6͑b͒ for the 6 mTorr base case. Beyond this pressure range, there is some weak oscillatory activity but no clear traveling waves nor distinct Fourier peak. The PIC fast and slow wave phase velocities are obtained from the data in Sec. II. For the 6 mTorr base case, they are given approximately by v phf = −9300 m / s and v phs = −850 m / s, where the negative sign indicates upstream flow ͑see Fig. 6 with Ϸ 0.01 m͒. Choosing the input parameters at an axial position where the instability criterion is most satisfied ͑i.e., at maximal u + − u − ͒, the corresponding values from the collisionless fluid model are v phf = Ϯ 7400 m / s from Eq. ͑3͒, and v phs = −1500 m / s from Eq. ͑8͒, showing reasonable agreement.
PIC versus fluid model
We applied the fluid stability analysis, as seen in Fig. 7 for the 6 mTorr base case, to other pressures both inside and outside the 2 to 12 mTorr pressure range in which slow waves were observed. These are seen in Figs. 8͑a͒-8͑d͒ for pressures of 1.5, 3, 12, and 24 mTorr, respectively. Predicted regions of instability are observed near the DL regions in Figs. 8͑b͒ and 8͑c͒ for pressures in which slow waves were observed. No regions of instability are seen in Figs. 8͑a͒ and 8͑d͒ for pressures in which slow waves were not observed. These results illustrate the usefulness of the fluid instability condition for predicting instability even for axially nonuniform systems. The correspondence is rather remarkable and may be somewhat fortuitous.
B. The collisional kinetic model
We now include kinetic and collisional effects in the analysis. These effects modify the results and pick out the most unstable ͑or least stable͒ wave numbers. The results are more complicated and can only be investigated numerically. A numerical kinetic analysis was also done by Tuszewski and Gary 3 for the collisonless case. Including collisions and assuming drifting Maxwellian velocity distributions for each of the three species ͑electrons, positive, and negative ions͒, the Vlasov dispersion is given by 16, 17 
where e is the electron Debye length and ZЈ is the derivative of the plasma dispersion function
where u j and v j are the drift and thermal velocities of the species, respectively, and j are the collision frequencies with the background gas. In Ref.
3, instabilities are investigated only for real wave numbers k = k r and complex frequencies = r + i i . In the work below, we also examine real frequencies = r and complex wave numbers k = k r + ik i . The solutions are obtained numerically by separating the real and negative parts of Eq. ͑10͒.
PIC versus kinetic model
As seen from ion being faster. The ratio of the O − to O 2 + velocities is about 1.5 to 2 at all axial positions. This is due to the differences in both mass and ion-neutral collision processes. In the PIC simulations, the O − ions undergo only scattering collisions while the O 2 + ions undergo energetically costlier charge exchange collisions. We also see from Fig. 3 that all the ion velocities vary in the axial direction.
In the kinetic analysis, all the ion velocities enter separately in determining instability and growth rates. Since the theory assumes that all parameters have fixed values in the unstable ͑axial͒ direction, the calculations can only be approximate. The values of all the parameters which we input in the theory are taken at the peak of the difference of the ion drift velocities, which occurs within the center of the DL region. We will discuss this choice further in Sec. IV. This choice puts the kinetic calculation at an axial position which is unstable from fluid analysis as seen from Since we actually observe spatial growth, with a real frequency, we give the slow wave dispersion for real frequencies = r , for the complex phase velocity and the complex wave number in Figs. 10͑a͒ and 10͑b͒ , respectively. The slow wave is unstable for k i Ͼ 0. It can be seen that there is a region of instability 1 and 2 = 1.48ϫ 10 6 rad/ s. The circles on the solid curves give the two corresponding real k's. Note that the circles in Figs. 9͑b͒ and 10͑b͒ give the same real 's and k's, as they must. For Ͻ 1 , the slow wave is stabilized by collisional damping; for Ͼ 2 , the wave is stabilized by electron Landau damping. The most unstable frequency is = 1.09 ϫ 10 6 rad/ s with k r = −8.7 cm −1 and k i = 1.75 cm −1 . The corresponding wavelength is 0.72 cm at a frequency of 173 kHz, which is in reasonable agreement with the observed wavelength and is roughly twice the frequency of the observed unstable slow wave. The wave e-folds in a distance of k i −1 = 0.57 cm, again roughly in agreement with that observed in the PIC simulation.
The fast waves under these conditions are never unstable according to both the fluid and kinetic calculations. However, both fast waves become very weakly damped where the slow wave has its maximum growth rate. At the most unstable slow wave wave number k = 8.0 cm −1 , the upstream and downstream directed fast waves have v phr = −12600 m / s and v phi = −1130 m / s and v phr = 7600 m / s and v phi = −660 m / s, respectively. In both cases, this represents a ratio of imaginary-to-real frequency of about 0.09, a weak damping. Thus, it is likely that the fast wave seen in the PIC results is excited by nonlinear coupling to the slow wave, the enhanced fluctuation levels, or the effects of spatial nonuniformity.
IV. CONCLUSIONS AND FURTHER DISCUSSION
Unstable downstream ion sound waves generated from counterstreaming positive and negative ions have been observed in experiments 3,6,9 but not as well-defined as seen in our PIC simulations. The observation of the DLs over a wider range of pressures than the waves indicate that the DLs can form independently of the waves. However, the waves can be sufficiently large to influence the DL parameters. The waves affect PIC and model comparisons by making it difficult to identify the DL edges and introducing uncertainties into some of the PIC parameters used in the theory. The waves may also make it more difficult to perform valid Langmuir probe and retarding field energy analyzer ͑RFEA͒ measurements. The waves, which originate downstream and grow in amplitude, travel upstream because of the larger velocity of the lower mass O − ion versus the O 2 + ion. An analysis of ion acoustic waves can be done using either fluid or kinetic theory. However, both theories are limited by the assumption of axial uniformity. Consequently, both theories neglect the effects of nonuniform drift and thermal speeds as well as the effects of any boundary conditions that may connect stable and unstable regions. The collisonless fluid theory has the advantage of providing a simple analytical instability criterion, Eq. ͑7͒. On the other hand, the collisional kinetic theory is more complete and includes the effects of electrons and of electron and ion Landau damping, which then allows a determination of the most unstable k-value. For the 6 mTorr base case, both a fluid and a kinetic analysis using the ion drifts and temperatures from the PIC results, indicate that the slow ion sound waves are unstable at the peak drift velocities. The results are somewhat difficult to interpret due to the axial nonuniformities of the PIC simulations.
The fluid instability criterion, Eq. ͑7͒, was also applied to other PIC cases with pressures both inside and outside the pressure range of 2 to 12 mTorr in which slow waves were observed. ͑See Figs. 7 and 8.͒ We obtained the remarkable result that waves are observed when the fluid instability criterion is satisfied at some position while no waves are observed when the fluid instability criterion is not satisfied anywhere. The physical interpretation of this result is somewhat obscure and probably involves nonlinear and boundary effects, as witnessed both by the growth of the slow wave at positions predicted to be linearly stable and by the excitation of the fast waves. However, the result is encouraging, as it demonstrates the usefulness of a simple analytical method to predict the existence of unstable waves.
We also conducted a few 6 mTorr PIC calculations in which the mass of the negative ion was chosen to be larger than the positive ion in order to reverse the direction of any generated waves. Specifically, we chose m − = 127 amu and m + = 40 amu to correspond more closely with the Ar/ SF 6 mixtures used in experiments. 5, 9 As before, static DLs were observed in the transition region between the narrower upstream and wider downstream sections. As expected, u + + u − , the difference in speeds between the counter-streaming ions in the DL region, was reversed. However, the fluid condition for instability was not satisfied in these PIC cases. Although some time-dependent activity was superposed on the observed static DLs, no coherent waves were observed. A systematic investigation of this configuration was not undertaken and might be interesting for future work. 
